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charcoal a solid matter produced from wood in a carbonization 
process 
endothermic reaction  absorbs energy from the system in the form of heat 
exothermic reaction  release energy from the system in the form of heat 
HHV  higher heating value (MJ/kg), amount of heat released 
during the complete combustion of a specified amount of 
fuel and the water vapour produced is condensed into 
liquid form 
peak temperature the highest reached temperature during torrefaction or 
carbonization process 
pyrolysis degradation of biomass in absence of oxygen. Collective 
term for torrefaction and carbonization in this study 
temperature shortened term for (slow) pyrolysis temperatures 
(torrefaction or carbonization temperatures, °C) in this 
study 
torrefaction  is a thermochemical treatment of biomass at 220 – 300 °C 
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1. 
1.1 Renewable energy consumption 
The share of renewable energy of the total energy consumption is increasing from 
2005 levels due to the EU energy targets in 2020 and 2050. Targets are to reduce 
greenhouse gas emissions, improve energy efficiency and increase the share of 
renewable energy resources (The EU climate and energy package 2011, Roadmap 
2050 2011.) Fulfilling these targets renewable energy sources has to exploit and 
develop. Wood energy consumption is expected to increase from 346 million m³  by 
66 % to 2020 depending on other renewable energy sources development and 
implementation of settled energy efficiency measures in EU27 (Mantau 2010). EU27 
consist of 27 EU member states 1 January 2007 - 30 June 2013 (Glossary: EU 
enlargements. 2014). In 2030 wood energy consumption is estimated to be more than 
700 M m³ (Figure 1).  
 
 
Figure 1. Current and future amounts of wood energy consumption in 
EU27 (Mantau 2010).  
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Charcoal and torrefied wood could be renewable energy sources substituting coal and 
other fossil fuels by CO2 neutral fuel, products which are non-fossil, biodegradable, 
organic and originate e.g. from plants. Released carbon dioxide emissions of CO2 
neutral fuels like wood can be partly offset by regrowth of the biomass (Lehtonen 
2005, Schlamadinger & Marland 1996.) Due to low heating value of wood compared 
to fossil fuels it needs to be processed to be more competitive in a long transportation 
distances. Heating value is the amount of heat released during the combustion of a 
specified amount of combusted material. Forest residues and harvesting of young 
stands could be capitalized on energy processing. By carbonizing and torrefaction 
transportation costs could be declined (Shah et al. 2012). Increasing the forest residue 
collection accelerated procurement is demanded. Efforts in equipment development 
have been made in felling machines e.g. in small tree operations which have been 
challenging. (Hakkila 2006.)  
 
In Finland wood-derived energy is an important source of energy. The growth of 
Finnish forest is approximately 35 million m3/year more than natural drain and 
fellings. Even the use of wood fuels accounted approximately 24 % in 2012 of the 
annual primary energy supply in Finland, the total use of forest chips is low accounting 
4 % of the total energy consumption (Ylitalo 2013, Ylitalo & Ihalainen 2013.)  
Logging residues from regeneration fellings were the major source of forest fuel 
accounting 8,7 mill. m³ of the total solid wood fuel use (18,7 mill. m³) in 2013 
(Torvelainen et al. 2014). The rest of the forest fuel is from precommercial thinnings 
or unproductive hardwood stands, which could be utilized in the future if the 
procurement chain will be cost-effective (Ylitalo 2001, Torvelainen et al. 2014). For 
cost-effective procurement chain major investments are needed, because the 
competitiveness of wood-based fuels is not a sufficient level (Kärhä et al. 2010). There 
is potential for logging residue collection in regeneration felling areas especially in 
Central and Eastern Finland (Ranta 2005).  
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1.2 Background and purpose of the study 
The thesis is a part of the Balbic project, which aim was to develop industrial biocoal 
markets and production in Southern Finland, parts of Estonia, Latvia and Sweden, 
understanding the existing raw material and its potential for CO2 neutral fuel use 
through market and industrial aspects. Biocoal is manufactured through pyrolysis 
process from wood or other biomass. Pyrolysis is a form of heat treatment where 
biomass is thermally degraded in the absence of oxygen. The project partners were 
Forestry Development Centre Tapio and Latvian State Forest Research Institute 
“Silava” and the head of the project was University of Helsinki Department of Forest 
Sciences. The project was financed partly by European Union through Central Baltic 
Interreg IV A Programme 2007 – 2013 and Regional Council of Southwest Finland. 
The project aimed to reach the target groups such as forest industry, forest owners, 
research institutes bringing more information about economical transportation, 
international commercial good, seeking extensive and exact information about market 
values of biocoal industrial production (BalBic 2011.)  
 
The aim of the study was to determine how pyrolysis temperature (from now on 
temperature in this study) affects to the wood fuel characteristics such as heating value 
(in this study higher heating value if not stated otherwise), mass yield and carbon 
content. Higher heating value (HHV) is one of the values which describe the amount 
of heat released during the pyrolysis, where mass yield describes the yield of torrefied 
and carbonized products. During carbonizing and torrefaction occur chemical 
endothermic and exothermic reactions. Endothermic reaction absorbs energy from the 
system, whereas exothermic reaction releases energy to the system in a form of heat. 
Energy released from the exothermic reaction could be utilized for initiation energy in 
torrefaction. The aim of this study was also to discover, where the reaction changes 
from the endothermic to exothermic reaction. These have not been discovered earlier 
with pine (Pinus sylvestris) and birch (Betula pubescens) in pyrolysis temperatures 
250–450 °C. Differences between these two species were also under examination. 
These two Northern coniferous forest belt tree species are significant in wood 
refinement industry in Scandinavia and Baltic Countries. 
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2. 
2.1 Chemical composition of wood 
Wood consists of chemical compounds cellulose, hemicelluloses, lignin and 
extractives, which are mainly carbon (C), oxygen (O), hydrogen (H) and sulphur (S). 
(Panshin & De Zeeuw 1980.) The main chemical formula of cellulose is (C6H10O5)n 
(Li et al. 2009). Hemicelluloses are polysaccharides and include xyloglucans, xylans, 
mannans and glucomannans (Scheller & Ulvskov 2010). The structure of lignin is 
complex and heterogeneous and varies by species of plant (Vázquez et al. 1997). 
Lignin from aspen consists of 63,4 % carbon, 5,9 % hydrogen and 30 % oxygen 
whereas composition of cellulose is 42,11 C/%, 6,48 H/% and 51,42 O/%. (King et al. 
1983, Properties viewer, cellulose 2014).  
 
The chemical composition of wood varies by part of the tree and type of the wood and 
effects to the combustion reaction. Chemical composition is different in bark, roots 
and branches than in a stemwood also chemical composition varies in tension and 
compression wood, compared to normal wood. (Pettersen 1984.) On average wood 
consist 51–53 % of carbon, 40 % of oxygen, 5 % of hydrogen, 1 % of sulphur and 
nitrogen and approximately 2 % of ash. Ash contains non-organic compounds like Si, 
Ca, Al, Mg, Fe, Na, K, S, P. (Nikitin 1966.)  
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Figure 2. On the left side is cut-away drawing of wood cell wall 
structure (Wiedenhoeft 2010) and on the right side is three 
major components of wood cell wall (Murphy & McCarthy 
2005).  
 
Figure 3. The share of wood components in a three main region of wood 
cell structure (KnowPulp 2003)  
Wood is organic matter which consists of cells. The cell wall structure of wood consist 
of middle lamella (ML), primary wall (P) and secondary wall (S1, S2 and S3) seen in 
Figure 2. Each layer (Figure 3) has three major components; cellulose, hemicellulose 
and lignin, but the share of each component varies in each section. (Panshin & De 
Zeeuw 1980.)  
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The relative amount of cellulose is highest in secondary wall (S2) and the amount of 
lignin is highest in middle lamella (Figure 3). The cell wall structures are different in 
each part of the wood e.g. heterogeneous bark and the share of wood components 
differ in each section of wood (Howard 1971.)  
 
Needles, leaves and bark have higher extractive proportion and roots, stemwood and 
branches have relative high share of lignin (Table 1). Because of the share of lignin 
and extractives, heating value in those parts of wood is higher. (Nikitin 1966, 
Kärkkäinen 2007, Telmo & Lousada 2011). Higher heating value of pine stump is 22,4 
MJ/kg, which is 2,8 MJ/kg greater than in stemwood, which might be reflecting that 
extractive proportion increases the heating value due to higher share of extractives in 
stump than stemwood (Nurmi 1993, Nurmi 1997). In Table 1 are presented  averages 
of the proportions of the main chemical compounds (%) and their median absolute 
deviation is represented in parenthesis if more than two values were obtained and 
founded from the literature (Räisänen and Athanassiadis 2013).  
 
Table 1. The main chemical composition (%) of Scots pine and Silver 
birch. The figures are collected from different sources.  (Räisänen and 
Athanassiadis 2013).  
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Figure 4. Chemical composition of Scots pine and Silver birch dry basis  
(Sjöström 1993). 
Observing Scots pine (Pinus sylvetris) and silver birch (Betula verrucosa) the most 
evident difference is in hemicelluloses composition (Figure 4). Hemicellulose consists 
of glucomannan, glucuronoxylan and other polysaccharides. The glucomannan 
composition of Scots pine is higher (16,0 %) than Silver birch (2,3 %), whereas birch 
contains more glucuronoxylan (27,5 %) than pine (8,9 %). Total share of silver birch 
hemicelluloses composition is 32,4 % where pine’s share is 28,5 %. Difference 
between lignin composition is 5,7 percentage units. (Nikitin 1966, Sjöström 1993.)   
 
2.2 Pyrolysis and process conditions 
Pyrolysis is thermal decomposition of biomass in the absence of oxygen. Depending 
on the process conditions the main products of pyrolysis are in a form of liquid (e.g. 
tar), solid (charcoal and torrefied wood) and gas. During the pyrolysis heat transfers 
from heat source to biomass resulting increase in temperature of biomass and release 
of volatiles. Some of the volatiles condensate producing liquids e.g. tar. Pyrolysis can 
divide into conventional or slow pyrolysis, fast and flash pyrolysis. Slow pyrolysis is 
carbonization or torrefaction of biomass whereas fast and flash produce liquids and 
gaseous products. (Babu 2008.) In this study pyrolysis is slow pyrolysis if not stated 
otherwise.  
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2.2.1 Carbonization 
Carbonization and torrefaction differs basically only by the temperature. Torrefaction 
is thermochemical conversion in lower temperatures, from 220 to 300 4 C and 
carbonization starting from 4004 C in the absence of oxygen. Products of the 
carbonization and torrefaction are in a form of solid, liquid and gas. Produced solid 
matter is charcoal or torrefied wood, liquid which contains pyrolysis oil and tar. Gas 
includes e.g. carbon dioxide and carbon monoxide. (Prins et al. 2006, Neves et al. 
2011.)  
 
During the carbonization process wood compositions of three main polymeric 
structure (hemicelluloses, cellulose and lignin) degrades differently according to the 
pyrolysis temperature (Prins et al. 2006, Babu 2008). Carbonization process can be 
divided into four phases according to temperature scheme. (Antal et al. 1996, Hakkila 
2006, Babu 2008).  
 
The first phase occurs in the temperature of 100–170 °C, where main process is the 
evaporation of free and bound water from the cells. Evaporation occurs above the 
boiling point of water (100 °C), at atmospheric pressure (Brito et al. 2008.) Among 
the water steam other vapours like terpenes evaporates. After completed water 
evaporation temperature increases more quickly to 170 °C. (Talvitie 1944.)  
 
During the second phase, which takes place in temperature of 170–270 °C, most of the 
dry matter of wood distils, which can be seen as a mass loss. Hemicelluloses 
decompose in the temperature range of 225–325 °C (Antal & Gronli 2003, Prins et al. 
2006, Almeida et al. 2010.) Wood begins to decompose in the temperature of 170 °C. 
Decomposition temperature of lignin is 250–550 °C, but minor decomposition can be 
observed already in lower temperatures (Talvitie 1944, Bergman et al. 2005.)  
Decomposition of lignin results mainly formation of carbon oxidises in this phase, 
carbon dioxide (CO2) and carbon monoxide (CO) (Nikitin 1966). In this phase also 
chemically degraded water, which is developed from the chemical decomposition of 
wood, is released in a form of steam. Wood acid is composition of methanol, acetone 
and acetic acid. Part of the wood acid evaporates as a steam during the second phase. 
Evaporation of terpenes also continues. Compound of terpenes is called turpentine, 
16 
 
which is recovered from coniferous wood. Methanol, acetone, acetic acid and 
turpentine can be salvaged by cooling the vapour gases. (Talvitie 1944, Emrich 1985.)    
 
These first two phases are mainly endothermic reactions, where the external heating 
is needed to maintaining the process and the energy is bind in the process. Feedstock 
is heated using external heat source e.g. oil burner. Exothermic reaction begins at the 
temperature of 270–280 °C. External heating is no longer needed, because exothermic 
reaction generates heat. Only activation energy is needed to start-up the process.  
Energy is released in exothermic reaction after the process is activated. (Antal and 
Gronli 2003, Alakangas 2011.) 
 
During the third phase (350–400 °C) decomposition of wood is exothermic (Emrich 
1985). Cellulose decomposes in the temperature of 305–375 °C (Prins et al. 2006, 
Almeida et al. 2010). The share of hydrocarbons in volatiles increases, especially the 
proportion of methane and the share of carbon monoxide decreases. Also hydrogen 
starts to develop. Methanol, turpentine and acetic acid distil, but the quality of 
turpentine degreases among the increment of temperature. Tar is produced substantial 
amounts depending on the lignin and cellulose decomposition in this phase. Tar distils 
to phase of liquid and gas. The heating value of the gases increases enormously. The 
form of the coniferous wood will be gained resin, which is the most valuable ingredient 
of tar. (Talvitie 1944.)  
 
In the fourth phase distil only tar and gas during the process, because wood contains 
only lignin and cellulose in this phase. Volatiles contain mostly hydrocarbons and 
hydrogen. Temperature is from 450 °C to 500 °C or 600 °C depending on the used 
technology.  The heating value of the gas is highest in the fourth phase when 
comparing all above-mentioned phases. (Talvitie 1944.)  
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2.2.2 Torrefaction 
Torrefaction is early phase of the carbonization or thermal treatment in temperatures 
of 220–300 °C in holding time one hour or less at atmospheric pressure.  Method is 
the same than in carbonization, but the pyrolysis temperature is lower.  Synonyms for 
torrefaction are roasting, slow- and mild-pyrolysis. (Bergman et al. 2005, Ciolkosz 
and Wallace 2011.) Torrefaction can be divided into three classes according to the 
temperature light (220 °C), mild (250 °C) and severe torrefaction (280 °C) (Chen et 
al. 2011). In the torrefaction process hemicelluloses are the most reactive compounds. 
Lignin and cellulose decomposes in higher temperatures, but the reactions of polymers 
are overlapping. (Prins et al. 2006.) Torrefied wood is promising as a renewable fuel 
for industrial use in coal co-combustion, gasification-combustion and Fisher-Tropsch 
fuel production or in the small-scale use as barbeque fuel or firelighter. The advantages 
of torrefaction are improved higher heating value, grindability and possible 
hydrophobicity. Technologies used in torrefaction are the same as carbonization. 
(Bergman et al. 2005, Bridgeman et al. 2010, Ciolkosz and Wallace 2011.) 
 
2.2.3 Temperature, holding time, heating rate and pressure 
The yield of solid char, gases and liquids depend strongly on the process conditions; 
pyrolysis temperature, holding time, heating rate and raw material (Prins et al. 2006, 
Babu 2008). Peak temperature is the highest temperature reached in the carbonization 
or torrefaction process (Antal et al. 1996). High pyrolysis temperatures decline solid 
yield of char, but increase higher heating value, carbon and ash content.  (Pach et al. 
2002, Zanzi et al. 2002, Ferro et al. 2004, Almeida et al. 2010, Cuña et al. 2010) 
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Figure 5. Yields of charcoal (Ych,F), pyrolytic gas (YG,F), pyrolytic 
liquids (Ytar,F+YH2O,), and pyrolytic water (YH2O) as a 
function of pyrolysis temperature, dry and ash free basis (daf). 
Open dot is results of slow heating rate and solid dot of fast 
heating rates (Neves et al. 2011).  
The yield of charcoal declines and the yield of gases increase in a function of the 
pyrolysis temperature (Figure 5). The yield of tar and pyrolysis water increases until 
500 °C in both fast and slow pyrolysis. The dispersion of the collected data varies due 
to different pyrolysis conditions (e.g. holding time, heating rate, temperature, 
feedstock and reactor) and raw material (particle size and type of raw material). The 
conclusion between slow and fast pyrolysis can be drawn, in slow pyrolysis solid 
material is produced more than fast pyrolysis and vice versa with gases. The heating 
rates classified in the Figure 5 to slow and fast heating rates are questionable, due to 
literature’s partial heterogeneous and ambiguous information. (Neves et al. 2011.) The 
definition of slow and fast pyrolysis is also arbitrary (Mohan et al. 2006). In general, 
the fast pyrolysis is a process where organic substance is rapidly (10–200 °C/s) heated 
to 580–980 °C and in slow pyrolysis heating rate is 0,1–1 °C/s (pyrolysis temperature 
280–680 °C).  The holding time in slow pyrolysis is longer than fast pyrolysis (Babu 
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2008.) The product distribution is collected from wood e.g. birch, pine and beech, but 
also other organic material like bamboo, rice husk, rape seeds and sawdust. (Neves et 
al. 2011.)  
 
Holding time has an impact on solid char yield, higher heating value and carbon 
content (Pach et al. 2002, Almeida et al. 2010, Antal & Gronli 2003). Increase in 
holding time decrease the yield of solid char. According to Pach et al. (2002) yield of 
solid char observed to be approximately 13 % higher in holding time of one hour than 
three hours in temperature of 280 °C. Holding time has a slight positive impact on 
higher heating value and carbon content. (Pach et al. 2002, Antal & Gronli 2003.) 
 
Heating rate affects to the yield and composition of charcoal in addition to wood 
species. Rapid decomposition gives a lower yield of charcoal but greater yield of 
gases. (Alakangas 2011.) Effects of prevailing pressure in the process to 
decomposition of wood have been studied. The studies have shown that pressures 
above atmospheric pressure effects to exothermic reaction and reaction becomes very 
violent producing a slight increase in charcoal and gas volume. (Alakangas 2011, 
Antal et al. 1990.) 
2.3 Properties of charcoal and torrefied wood as fuel 
Solid pyrolysis products are combusted for energy generation (Babu 2008). 
Combustion is a chemical reaction, between fuel and an antioxidant. Basic combustion 
reaction is reaction between carbon and oxygen. During combustion energy is released 
in a form of heat and it can be salvaged and used in energy production. Toxic carbon 
monoxide (CO) is formed in incomplete burning where complete burning forms 
carbon dioxide (CO2) which is one of the greenhouse gases. (Curkeet 2011.)  
 
Analysing the properties of wood as renewable energy price, volume, availability and 
technical properties are under examination. Most important technical issues are the 
higher heating value, volume, carbon content and usability. Co-combustion of 
torrefied wood with coal has environmental and technical advantages. Torrefaction 
weakens the fibre structure of the biomass, improves the grindability and enables the 
biocoal to be processed with the coal at the power plant without extra efforts made in 
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the traditional coal-fired power plant (Beekes and Cremers 2012, Ohliger et al. 2013). 
Environmental benefits of the biocoal are also known, as a CO2 neutral fuel (Hakkila 
2006). Profitably of wood as a fuel source can be promote via torrefaction or 
carbonization. The moisture content of green wood is relative high depending on the 
ambient humidity and the higher heating value relative low. (Bergman 2010, Boundy 
et al. 2011). Torrefaction reduce moisture content and transportation costs (Shah et al. 
2012). Torrefied wood is claimed to be hydrophobic (Bourgeois & Doat 1984, Felfli 
et. al. 2005). Hence the storing among coal in outdoors could decline the expenses.  
2.3.1 Heating value  
There are multiple ways to define the heating value of wood. Generally heating value 
is the amount of energy stored in a system per mass or volume unit (kJ/kg, kJ/mol, 
kcal/kg, Btu/lb) (Demirbas 2005). In this study the amount of energy is observed per 
mass unit (MJ/kg) and defined as higher heating value (HHV). 
 
The higher heating value or gross calorific value (GCV) or higher calorific value 
(HCV) is the quantity of energy released when one unit of fuel is completely 
combusted and the water vapour produced is condensed into liquid form in the 
temperature of 25 °C. The heat of vaporisation is recovered. Lower heating value 
(LHV) or net calorific value (NCV) or lower calorific value (LCV) is the quantity of 
heat liberated by the complete combustion of one unit of fuel when water vapour 
produced remains as a vapour and the heat of vaporisation is not recovered. 
(Kärkkäinen 2007.) Moisture and hydrogen content affects the difference between 
higher and lower heating values. The higher is the moisture and hydrogen content, the 
more obvious is the difference between those heating values. The heating value can 
be calculated in three different forms fuel as received, dry (db) or dry and ash free 
basis (daf). (Demirbas 2005.)  
 
Heating value depends on the chemical composition of wood and the temperature. The 
fewer elements contain oxygen, the higher calorific value is. Carbon and hydrogen 
content classifies the quality of fuel. Heating value differs in different parts of wood 
due to different chemical composition. Lignin has higher heating value (25,5 MJ/kg) 
than cellulose (17,4–18,2 MJ/kg). Bark contains more lignin and fats, because of that 
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the heating value of bark is higher than in sap- and heartwood. Heating value is also 
higher in needles and stumps, because of the high extractive composition. (Kärkkäinen 
2007.)  Spruce bark contains more carbon and hydrogen and less oxygen, due to that 
higher heating value is higher in bark than in stemwood (Demirbas 2005).  
 
Higher heating value increases with the increase in temperature. Higher heating value 
of untreated stemwood varies from 18,3 MJ/kg to 22,4 MJ/kg with pine, spruce, birch 
and aspen (Kärkkäinen 2007). HHV of pine chips increases from 19,5 MJ/kg to 25,4 
MJ/kg and logging residue chips from 19,8 MJ/kg to 26,4 MJ/kg within the 
torrefaction temperature of 225–300 °C. (Manunya and Sudhagar 2011).   
 
Figure 6. Higher heating value of spruce in a function of temperature. 
Drawn after data from Demirbas (2001b). 
Temperature does not affect to the higher heating values significantly in temperatures 
above 600 °C, and it remains in the level of 31,4–32 MJ/kg with spruce. Increase in 
higher heating value is most dramatic in temperatures of 400–600 °C. When increasing 
the temperature from 300 °C to 900 °C, the higher heating value increases by 10 % 
from 28,8 MJ/kg. (Figure 6.) 
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2.3.2 Mass yield  
Mass yield or solid char yield degreases with the increase in pyrolysis temperature 
(Pach et al. 2002).  Mass yield is one of the main parameters when evaluating 
carbonization process. Mass loss occurs mainly during the endothermic reaction due 
to hemicellulose decomposition. In exothermic reaction mass loss is negligible. (Park 
et al. 2010.) Also the holding time has an impact to the mass yield. According to Pach 
et al. (2002) elongated holding time in lower torrefaction temperatures already 
decrease to the yield of solid char.  
 
Solid yield of torrefied pine wood chips decreased from 89 % to 52 % in temperature 
range of 225–300 °C. The most dramatic decomposition of wood occur temperatures 
above 275°C. (Manunya and Sudhagar 2011). The solid yield of soft- and hardwoods 
decrease from 35,6 % to 22,7 % in temperatures of 280–880 °C. (Demirbas 2001a). 
 
Figure 7. Mass loss of spruce in function of temperature (Havimo 2010).  
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Thermogravimetric analyser (TGA) is used to measure weight changes in a material 
as a function of temperature or time under a controlled athmosphere (PerkinElmer, 
Inc. 2010). Thermogravimetric analysis of spruce shows that the mass loss is most 
dramatic in the temperature of 200–300 °C. At 300 °C mass yield is approximately 
30 % and at 400 °C mass yield is lover than 10 %. (Figure 7.)  
 
2.3.3 Carbon and ash content 
High carbon content of fuels is valuable in combustion reaction and energy generation. 
Carbon content increases with increase in pyrolysis temperature. Carbon content of 
the wood varies according to the wood species. Untreated wood contains 
approximately 45–50 % carbon in dry basis (Lamlom and Savidge 2003.) Torrefied 
wood contains 50–60 % carbon depending on the wood species and torrefaction 
temperature (Table 2, Phanphanich and Mani 2011). When comparing untreated birch 
and pine, pine has slightly greater carbon content than birch. Carbon content of 
charcoal is around 80 % in temperature of 400 °C (Demirbas 2001a). The carbon 
content increases reaching almost 95 % carbon content in temperature of 1 000 °C 
(Table 2.) In Figure 10 most dramatic increase in carbon content and decrease in 
oxygen content can be seen in temperature of 300–500 °C. Lower oxygen content 
indicates more valuable charcoal (Antal and Gronli 2003). Torrefaction increases the 
carbon content of wood by 2 to 24 % in temperatures 230–280 °C. Carbonization 
increases the carbon content in higher temperatures (> 300 °C) by 42–89 %. In 
temperature of 600 °C and 650 °C the carbon content is 88–89 %. (Table 2.) 
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Table 2.  Properties of torrefied wood and charcoal. Values are 
collected from sources:  
1
 Pach, et al. (2002), 2 Zanzi et al. (2002), 3 Ferro et al. (2004), 4 Cuña Suárez et al. 
(2010)  
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Figure 8. Effect of temperature to beech char mass fraction %. Solid 
line represent heating rate of 2 °C/min and dashed line 10 
°C/min (Antal and Gronli 2003). 
From 200 to 300 °C carbon content of beech char is approximately 50 %. The most 
dramatic increase in carbon content is between 300–400 °C. At 400 °C carbon content 
reached 70 % mass fraction and increased to 90 % at 700 °C. Temperature decrease 
oxygen and hydrogen content. Carbon content increases when heating rate decreases 
from 10 °C/min to  2 °C/min (Figure 8.)  
 
Ash content is non-wanted feature, because it reduces the heating value of charcoal 
and torrefied wood due to the lower amount of combustion material. Ash content 
increases slightly with increase in pyrolysis temperature. The share of ash content in 
the dry mass of wood differs according to the wood species and part of the wood. Ash 
content is greater in leafs, bark and branches than in stemwood, because of the greater 
composition of inorganic material. (Kärkkäinen 2007.) Ash content of untreated 
softwoods is 0,5 % and hardwoods 0,4 %  (Demirbas 2001a). Ash content of torrefied 
pine is 0,24 – 0,43 % and torrefied birch lower than 0,75 % (Pach et al. 2002, Ferro et 
al. 2004, Manunya and Sudhagar 2011, Table 2). Torrefied logging residues have 
slightly greater ash content, but the content is lower than 2,3 % (Manunya and 
Sudhagar 2011). In temperature of 800 5ash content remains at 4 %6(Table 2.) In 
comparison to ash content of bituminous coal (6,5 %) the share of ash in wood is 
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relatively small (Manunya and Sudhagar 2011). Due to minor share of ash in torrefied 
wood and charcoal ash content was not observed more closely in this study. 
 
2.3.4 Endo- and exothermic reaction 
Endo- and exothermic reactions are formed in thermodynamic systems. Four laws of 
thermodynamics characterize thermodynamic systems and define fundamental 
physical quantities like temperature and energy. First law of thermodynamics states 
that the total amount of energy remains constant, but the form of the energy can be 
changed from one to another. That’s the principal in endothermic and exothermic 
reactions. The enthalpy change (∆H) is used for calculation of total energy of a 
thermodynamic system. Enthalpy change is energy used in bond breaking reactions 
minus energy released in bond making products. (Cengel and Boles 2007.) Enthalpy 
changes of endothermic reactions are positive because energy is used in chemical bond 
breaking reactions. Endothermic reaction absorbs energy from surroundings and heat 
flows into the system from surroundings. If the enthalpy change is negative reaction 
is exothermic and chemical bonds are made when heat generated in a reaction flows 
from the system out to the surroundings. Exothermic reaction releases energy. (Chang 
2006.) Released energy from exothermic reaction could be used for initial heating in 
carbonization or torrefaction.  
 
Wood pyrolysis is complex continuum of endothermic and exothermic reactions (Park 
et al. 2010). Endo- and exothermic reactions of wood major constituents (cellulose, 
lignin and hemicellulose) occur in different temperature. Peaks of exothermic reaction 
can occur in different temperatures depending on the chemical composition of wood. 
(Strezov et al. 2003.) Endothermic decomposition of wood is followed exothermic 
reaction. Ferro et al. (2004) found that the exothermic reaction on goes at temperatures 
between 180 ˚C and 270 ˚C (raw material pine, lucern, sugar cane, bagasse, wood and 
straw pellets) where as Ciuta et al. (2014) reported exothermic behaviour above 305 
˚C. Strezov et al. (2007) found that thermal decomposition of biomass was exothermic 
at temperatures above 230 °C. Single exothermic peaks are detected at 320, 350, 360 
and 413 ˚C (Ciuta et al. 2014, Strezov et al. (2003).  
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Explanations of exothermic behaviour differs significantly. Exothermic reaction has 
been explained to be result of secondary tar cracking reactions, lignin or 
dehydrocellulose decomposition (Bilbao et al. 1996, Di Blasi et al. 2001, 
Milosavljevic & Suuberg 1995, Milosavljevic et al. 1996, Strezov et al. 2003). 
According to Park et al. 2010 experimental and numerical tests secondary tar cracking 
and lignin decomposition have only small impact on the centre temperature peak and 
exothermic intermediate solid decomposition would be responsible.  
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2.4  Carbonization technologies 
Carbonization technologies can be divided upon feeding system into batch and 
continuous process or upon heating method to internal, external or circulation gas. 
 
  Batch and continuous process and kiln types 
Charcoal production technologies can be divided to continuous and so called batch-
method techniques according to the operational base. In batch method feedstock is 
charged in the beginning of the reaction. After carbonization retort is discharged and 
charged again with raw wood. During the carbonization retort is not charged or 
discharged. Continuous kiln is charged and discharged continuously. (Ciolkosz and 
Wallace 2011.)  
 
 
Figure 9. Traditional batch charcoal kilns (British hardwood charcoal  
2009, Hall 2014, Warne 2009).  
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Kiln types can be separated into traditional and more advanced kiln types. Traditional 
kiln types are simple, easy to build and maintain. Typical for traditional kiln types is 
that kilns are grouped together to improve labour productivity (Figure 9). In traditional 
kiln types by-products are not recovered and exploited e.g. as energy for the process 
through indirect or direct heating of the wood. In batch types kilns controlling the 
emissions are difficult due to unstable emission conditions. (Trossero et al. 2008a, 
Trossero et al. 2008b, Brown 2009.)  

 
 
 
Figure 10. More advanced continuous process charcoal kilns (Industrial 
charcoal making 1985, Summers 2010).  
In more advanced kiln types, like Carbo Twin Retort, Waggon and Lambiotte Retort, 
emissions are controlled (Figure 10). There’s difference also in the oxygen contact 
between traditional and advanced kiln types. In more advanced kiln types or retorts 
oxygen contact with the biomass is prevented to ensure high yield of charcoal. In 
traditional kilns air intake is controlled, but not prevented. In more advanced kiln types 
at least combustion gases are reclaimed but also liquids, and the process is semi-
continuous or continuous. Retorts are used in more advanced kiln types and among 
industrial charcoal manufacturing. (Trossero et al. 2008b.)  
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  Internal, external heating and circulation gas 
Carbonization or combustion technologies can divide also according to heating 
method. Heating can be internal, external or re-circulated. In the internal heating 
systems raw material is combusted under controlled air inlet. This is the most common 
and traditional method of charcoal production. Kilns operating by internal heating are 
traditional kilns e.g. earth mound, concrete and pit kilns but also portable, movable 
and fixed metal kilns (Figure 9). In external heating system retort is heated outside and 
there’s no air inlet into the retort. Biomass is carbonized in absence of oxygen. 
Examples of this method are metal retorts like Van Marion Retort. Heating with re-
circulated heating gas, hot gas passes through the raw material charge. Charcoal and 
by-product yield is high, but the method is more expensive than above-mentioned. 
(Emrich 1985.)  
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3.  !
3.1 Pyrolysis tests 
Pyrolysis was accomplished by especially for this purpose manufactured 
carbonization pot using external heating method. The technology used was batch 
process (Figure 11.) Indicators, here thermocouples, were placed inside the pot in outer 
and inner surface of the pot for tracing and saving the variation of temperature. Also 
one of the indicators was placed in the exhaust pipe.  
 
 
Figure 11. Carbonization pot, on the left is the drawing of the pot, and on 
the right is Figure of pot in the first trial run 
Electricity was used for heat production and initiation energy of the process. Resistors 
were placed in outer zone of the pot. Heat was conducted to the inner layers of the pot. 
Liquids were collected, but not measured. Gases produced in the system were left out 
of the study. Gases could be used for power production and initiation energy of the 
process. 
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The pot was charged once in the beginning of the carbonization and discharged after 
carbonization which is characteristic for batch processes. Feedstock (M1) of birch was 
1,41–1,69 kg and pine 1,55–1,64 kg in each batch. External heat was kept on until the 
peak in inner temperature and decrease in inner temperature was detected therefore 
holding time was uncontrolled. After turning off the electric heating the pot cooled 
down unassisted. Torrefaction is exothermic reaction in the absence of oxygen. 
Nitrogen flow is used for keeping the reaction absence of oxygen (Pach et al. 2002, 
Ferro et. al. 2004). Pre-tests, where chips were carbonized with and without nitrogen 
flow in the same test device, showed that the nitrogen in this context does not affect 
to the solid char yield. Due to results of pre-tests the nitrogen flow was left out of the 
study. Heating rate was 20 ˚C/min. Slow heating rate was optimal for gaining high 
yield of char. In this study only solid char products were studied. Liquids and gaseous 
products were left out of the study. 
 
3.2 Raw material 
The Finnish forest land area is dominated by pine (67 %), spruce 22 % and birch 10 % 
(State of Finland's Forests 2012). The largest potential for increasing the forest chips 
for energy is in small trees in Finland. According to the different calculation methods 
the greatest potential for forest chips is in whole trees, delimbed stems and integrated 
harvesting with pulp wood of pine and birch. Potential of spruce for forest chips is in 
stumps and crown. (Anttila et. al. 2014, Asikainen et al. 2014.) In North Europe, 
Russia and Belarus birch is commercially most valuable broadleaf tree species and it 
can be grown in pure or mixed coniferous stands (Hynynen et al. 2010). Birch is light 
demanded tree species, for production of high quality timber pre-commercial 
thinnings are required. Whole trees from pre-commercial thinnings could be used for 
energy production (Cameron et al. 1995, Niemistö 1995). From these three dominant 
tree species birch and pine were taken into the study, because of the potential for forest 
chips, economic importance, and lack of the knowledge in earlier studies.   
 
Raw material used is stemwood of birch (Betula pubescens) and pine (Pinus sylvestris) 
including bark. Stumps, leaves and branches were not included in to the study. Raw 
material was harvested from the Helsinki district (60°12'59.8"N and 25°01'25.8"E), 
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pruned and chipped with the tractor chipper at the site. The height of the harvested 
birches were approximately 15 m. Samples were pre-dried three to four days in 
temperature of 50–70 ˚C to prevent degradation of wood chips. After pre-drying the 
samples were packed in paper backs and stored in room temperature. Moisture content 
of wood chips was measured before pyrolysis. 
 
The density of wood, which differs in wood species and part of the wood, affects to 
the heating value. Heating value increases with increase in wood density. Density has 
an impact on the thermal conductivity. Thermal conductivity increases with direct 
relation to the increment of density. Heating values of wood could be presented in 
volume units, which take into account the different densities of wood. (Kärkkäinen 
2007.) Density of pine (410 kg/m³) differs from birch density (475 kg/m³) but the 
difference between these two tree species is not substantial (Repola 2006). For 
comparing the impact of density to the higher heating value other tree species e.g. 
spruce (385 kg/m3) or aspen (376 kg/m3) would have been more applicable (Herajärvi 
& Junkkonen 2006, Repola 2006). The density calculations were left out of this study. 
 
3.2.1 Chip size and distribution 
The quality requirements and classes of solid biofuels are defined in European 
standards (EN 14961-1). Typical length of wood chips for solid biofuel is 5–50 mm, 
cut in a shape of sub-rectangular (Alakangas 2011).  
 
The particle sizes are classified more closely to P-classes (P16, P45, P63 and P100) 
according to standard prEN 15149-1. The sizes of wood chips in main fraction, which 
is min 75 w% (weight percent), are in P16 3,15 ≥ 16 mm, P45 8 ≥ 45 mm, P63 8 ≥ 63 
mm  and P100 16 ≥ 100 mm. P-classes are classified to non-industry (A) and industry 
(B) use of wood chips. (Table 3.) Also the share of fines and coarse fraction, sulphur, 
nitrogen, chlorine, ash and moisture content are defined in the standard. Bulk density 
was recommended to be stated if chips are traded by volume basis.  (Solid biofuels 
2010, 2010, Alakangas 2011.)  
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Table 3. Specification of size for wood chips as fuel (Solid biofuels 
2010) 
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The chip size and fraction was determined from one kilogram sample of each raw 
material separately. The one kilogram sample was taken from 30 l paper sack where 
the chips were stored before torrefaction or carbonization.  The sample was chosen by 
random because of representativeness and heterogeneity. The fraction of the chips was 
defined by batches. Each batch was shaken 20 seconds per sieve. Sieve distribution 
was >31,5 mm, 31,5 mm, 16 mm, 8 mm, 4 mm, 2mm, 1mm, 0,5 mm and < 0,5mm. 
35 
 
The mass of the samples were measured before and after the sieving and the particle 
size distribution was calculated.  
 
Dominant sieve in every raw material was 16 mm, accounting 36–49 % of the sample 
and 89–92 % of the raw material particle size was greater than 8 mm (Appendix 1). 
Fraction of pine was P16A and birch was P45A. (Alakangas 2009, Alakangas 2010.) 
Particle size 16 ≤ 8 mm was used in this study for torrefaction and carbonization.  
 
3.2.2 Determination of moisture content of pre-dried wood chips 
Determination of moisture content is based on ISO 589 –standard method. 
Determination of moisture content were accomplished by weighting two pre-dried 
samples of each raw material before and after drying. Accuracy of weighting was 0,01 
g and the weight of samples were 30 g before drying. Samples were dried 24 hours in 
Memmert oven in temperature of 105 ± 2˚C. The samples were weighted directly after 
drying, when the samples were hot. Moisture content (Mar) is calculated using formula 
(1.) (Alakangas 2000). 
 
  		 	
 	  (1.) 
 
where Mar is moisture content (%) 
 m1 is  mass before drying (g) 
 m2 is mass after drying (g) 
 
Moisture content of pre-dried wood chips varied from 5,1–5,4 % (Table 4). Pine 
samples PB1 and PB2 exceeded the set time in the oven, due to that samples PB3 and 
PB4 were measured. Average moisture content (Average, %) of pine and birch 
samples are calculated from both 1-2 and 3-4 samples. In the Table 4 are presented 
also the weight of each aluminium foil dish (Dish, g), where the chips were placed 
during drying, mass before drying (m1) and mass after drying with dish (m2 +dish). 
The weight of each dish was subtracted from the mass after drying with dish to gain 
only wood chip mass after drying (m2) and moisture content (Mar). 
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Table 4. Moisture content of pre-dried wood chips  
 
3.2.3 Pyrolysis temperature 
Pyrolysis temperatures were determined along the previous studies to be 250, 300, 
350, 400 and 450 ˚C. One run was accomplished in each temperature with pine and 
birch comprising ten runs in total. The target was to examine especially torrefaction 
temperatures (250 and 300 ˚C), because of the non-existent studies and due to most 
dramatic mass loss in temperatures between 200 and 400 ˚C. Temperature scale 200–
400 ˚C wanted to explore more closely and one temperature above the scale wanted to 
take in study to confirm there’s no significant change after 400 ˚C. Due to the feature 
of carbonization device, the holding time could not be regulated. Heating rate was 
20 °C/min. 
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3.3 Higher heating value  
Higher heating value was determined among SFS-EN 14918 standard (Solid Biofuels, 
Determination of calorific value) unless otherwise stated. Test samples, sieve less than 
1 mm, were closed in combustion bags (IKA Werke C12, higher heating value 46344 
J/g, RSD 0,02 %). The bomb process was carried out with Parr Adiabatic Calorimeter 
GWB, Model nro 1241EA. 
 
The test sample was placed with fuze in to the closed vessel in to a can filled with RO-
water (reverse osmosis water), which is purified water using semipermeable 
membrane-technology. The temperature of RO-water was 24–26 °C. The can was 
placed in the Adiabatic Calorimeter and the bomb was activated. After launch results, 
variation of carbon (C) and heating value (MJ/kg) were entered. According to the SFS-
EN 14918 standard after launched bomb crucibles need to place in the oven for 
ensuring complete burning of the samples and accurate test result of heating value. All 
samples were burned completely in the Adiabatic Calorimeter, on this account 
crucibles were not needed to place in oven in 105 °C and 560 °C for correcting the 
heating value.  
 
Average of higher heating value was calculated from three samples in each 
temperature except from pine treated at 400 °C. Four samples (treated at 400 °C) was 
taken into the testing by accident. Heating value of combustion bags were calculated 
and deducted from HHV of samples. Benzoic acid was used for calibration of the 
calorimeter.  (Appendix 2.1 and Appendix 2.2.) 
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3.4 Mass yield 
Mass of each batch was measured before and after pyrolysis (torrefaction or 
carbonization). Dry and ash free (daf) mass yield (nM) or solid char yield is calculated 
as follows: 
 
    
where Mo  is oven dry mass before pyrolysis (g) 
 Mt  is mass after pyrolysis (g)  
 
3.5 Carbon content 
Carbon content, which is valuable in energy terms among higher heating value, were 
determined using Elementar vario MAX CN-device. From each temperature three 
samples were measured. In total 15 samples (sieve < 1 mm) were weighed before 
measuring in clean and tare crucibles. The range of weight was 0,127–0,199 g. 
Nitrogen content was automatically measured, but it was not meaningful to observe it 
in this project. Three samples of each temperature was measured and average values 
were calculated. Also reference samples of pine and birch, exceptionally without bark 
was measured.  
 
3.6 Detecting exothermic reaction 
Reactions that produce heat are exothermic processes in chemistry and physics. Heat 
flows from the system into the surroundings and an increase in temperature of 
surroundings are detected when exothermic reaction occurs (Cengel & Boles 2007.) 
Also after endothermic reaction the center temperature of biomass increases rapidly 
exceeding the surface temperature (Park et al. 2010). For detecting the change of 
temperature and exothermic reaction three indicators, in this context thermocouples 
were placed into the system. Thermocouples are used for measuring temperature 
differences between two points. Measuring requires that one of the junctions is so 
called cold junction, which is maintained at a controlled reference temperature and 
other ones senses the temperatures to be measured. (Pico Technology 2014.) 
39 
 
 
Two of the thermocouples were placed inside the test device among wood chips for 
measuring the temperatures inside the system and one of them was placed for 
measuring the surroundings of the system in an exhaustion pipe. Thermocouples 
which were placed inside the test device were in the middle of the pot called from now 
on inner and the other one in the outer surface (outer). The outer junction was placed 
approximately 3 centimeters from the side of the pot. Also cold junction was placed 
for compensation. Tracing the time and temperature were started when the new batch 
was sealed and the external heating was turned on. The temperature was recorded in 
one minute timescale from the junctions. Temperatures with timescale were 
automatically saved. External heating was turned off after detecting peak in inner 
temperature and observing the decline in inner temperature after peak. External heat 
turned off approximately 2 hours after detection of peak temperature in inner 
thermocouple. 
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
4.1  Higher heating value 
Higher heating value of untreated birch was 17,3 MJ/kg (Figure 12). Torrefaction in 250 
°C increased the HHV to 20,3 MJ/kg. In temperatures above 300 °C heating value were above 
26,1 MJ/kg exceeding 28,2 MJ/kg at 450 °C. In temperature of 350 °C average heating value 
increased 0,4 MJ/kg from 300 °C (26,1 MJ/kg). At 400 °C average heating value was 27,3 
MJ/kg. (Appendix 2.1, Figure 12.) Regression line describes phenomena significantly 
with R2 = 0,83. (Figure 12.) 
 
In Figure 13 are represented higher heating values of pine samples. The higher heating 
value of untreated pine was 18,2 MJ/kg (Figure 13). Torrefaction of pine increased the 
HHV to 20,2 MJ/kg and 26,2 MJ/kg in 250 °C and 300 °C respectively. In 
temperatures 350 °C and 400 °C the higher heating value was approximately 27 
MJ/kg. In the extreme carbonization temperature (450 °C) the average of higher 
heating values was 27,6 MJ/kg. Variation was substantial at the temperature of 450 
°C, where the measured HHV changed from 26,5 MJ/kg to 29,8 MJ/kg. R-squared of 
regression line was 0,94. (Appendix 2.2, Figure 13.)  
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Figure 12. Higher heating value of birch  
 
Figure 13. Higher heating value of pine  
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4.2 Mass yield 
Mass yield of torrefied and carbonized wood declines according to the increase in the 
temperature (Figure 14 & 15). Most dramatic mass loss occurs during the endothermic 
reaction, in temperatures 250–300 °C. Pyrolysis in 250 °C dropped the mass yield of 
birch from 100 % to 78 %. In 300 °C mass yield is 45 %. In temperatures 350 °C and 
400 °C mass yield is 38 % and 36 % respectively. Mass yield of 31 % was measured 
in 450 °C. (Figure 14.) 
 
Systematic decline of mass yield is evident from temperature 250 °C to 400 °C. Mass 
yields of pine in fixed temperatures (250, 300, 350 and 400 °C) were 86 %, 54 %, 
38 % and 26 % respectively. Rising peak (mass yield 33 %) in temperature 450 °C is 
observable. (Figure 15.) 
 
In lower temperatures (250 and 300 °C) mass yield of pine is slightly greater than 
birch (8 to 9 percentage units).  When difference in higher temperatures is negligible, 
excluding exceptionally low mass yield of pine in 400 °C, which is 10 percentage units 
lower than mass yield of birch. Regression lines of mass yield of birch (R² = 0,86) and 
pine (R² = 0,91) approximates well real data points meaning relatively high 
dependency. (Figure 14 and 15.) 
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Figure 14.  Mass yield of torrefied and carbonized birch  
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Figure 15.  Mass yield of torrefied and carbonized pine 
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4.3 Carbon content 
Untreated birch contains 47 % of carbon (Figure 16). Carbon content followed the 
pattern of higher heating value and increased according to temperature gaining 82 % 
share of carbon (average of three samples) at 450 °C (Figure 16). Most remarkable 
increase of carbon content is from 250 °C to 300 °C, when carbon content increased 
to 72 % at 300 °C. At 350 °C carbon content was 77 % and 79 % in 400 °C. (Figure 
16.)   
 
Untreated pine contained 48 % of carbon (Figure 17). The average carbon content of 
three samples at 250 °C was 54 %. At 300 °C treated pine gained 71 % share of carbon 
and in higher temperatures (350, 400 and 450 °C) increase was 5, 7 and 10 percentage 
units from 300 °C value (71 %) accordingly. Regression lines of carbon content (R² = 
0,99) approximates well real data points meaning relatively high dependency. (Figure 
16, Figure 17.) 
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Figure 16. Carbon content (%) of birch 
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Figure 17.  Carbon content (%) of pine  
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4.4 Exothermic reaction  
Exothermic reaction is detectable from the line charts when the inner temperature 
exceeds the outer temperature. External heating was kept on 7–9 hours in torrefaction 
temperatures. In higher temperatures external heating was on approximately 3–4 
hours. 
 
The inner temperature exceeded the outer temperature in time of 5 h 47 min (240 °C) 
with birch torrefied at 250 °C (Figure 18, Table 5). Maximum temperature (258 °C) 
detected from the inner thermocouple was reached after 6 h 56 min, when the 
difference between inner and outer temperature was 11 °C. After 9 hours external 
heating, which was set to be 250 °C, turned off and the pot cooled down unassisted. 
(Figure 18.) 
  
In higher temperatures (350–450 ˚C) the peak of temperature it’s more obvious than 
in lower temperatures (250 ˚C and 300 ˚C) with both birch and pine (Figure 18, Figure 
19, Appendix 3.1, Appendix 3.2). Inner temperature remained around 100 ˚C for one 
hour and 20 minutes after turning on the external heating for one hour and 20 minutes 
with pine. After two hours inner temperature increased above the outer temperature 
(456 ˚C). The maximum temperature 492 ˚C detected from the middle of the chips 
reached after two minutes after exceeding the outer temperature. (Figure 19.) All the 
other line charts of the birch and pine exothermic reactions are represented in 
Appendix 3.1 (birch) and Appendix 3.2 (pine). 
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Figure 18. Birch with bark torrefied at 250 ˚C 
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Figure 19. Pine with bark carbonized at 450 ˚C 
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In torrefaction temperatures (250 and 300 ˚C) the inception of exothermic reaction 
took approximately 4 h 20 min to 6 hours both pine and birch (Table 5). In 350–450 
˚C the starting point of the exothermic reaction took 2 to 2 hours 40 minutes. (Table 
5.) The exothermic reaction could not detect at 450 ˚ C with birch, because the junction 
placed in the middle of the pot bent and variation of inner and outer temperatures could 
not trace properly (Appendix 3.1). Inner temperatures exceeded the outer temperature 
near the appointed temperatures (Table 5). 
 
The maximum inner temperature of birch was equivalent in temperatures 350 ˚C and 
400 ˚C. The maximum of inner temperature increased from the appointed temperature 
by 112 ˚C with birch treated at 350 ˚C, which was the highest temperature difference 
observed between appointed and maximum temperatures. Highest temperature 
difference (67 ˚C) between inner and outer temperature was also with birch treated at 
350 ˚C. In other temperatures inner temperature exceeded the outer temperature by 6–
42 ˚C. Temperature differences were higher with birch.  With pine the increase of 
maximum temperature from the appointed was 63–65 ˚C in temperatures 300–400 ˚C. 
In 250 ˚C temperature the maximum inner temperature was 8 ˚C above appointed 
temperature with birch and with pine inner temperature remain 2 ˚C under the 
appointed temperature. In the extreme temperature of pine (450 ˚C) maximum inner 
temperature was 42 ˚C higher than appointed temperature. (Table 5.) 
Table 5. Detecting the exothermic reaction, time (h:min) and 
temperature when inner temperature (T i) exceeded the outer 
temperature (To), peak temperature of inner temperature (Peak T i) 
and maximum difference between inner and outer temperature (Max 
T i-To), where Temp. is appointed temperature of pyrolysis 
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5. #
5.1. Higher heating value 
 
Chemical composition has an effect to the higher heating value. Resins, fats and lignin 
increase the HHV, because the higher heating values of those components are higher 
than celluloses. The water content affects only to the lower heating value, but not to 
the higher heating value, because HHV is calculated from the dry mass. (Kärkkäinen 
2007.) 
 
Comparing the higher heating values of pine and birch at appointed temperatures to 
values found from literature is intractable due to the lack of knowledge in those 
temperatures and tree species. From the literature was found measured higher heating 
values of pine and birch in low torrefaction temperatures, but in carbonization 
temperatures parallel values could not found. Higher heating values of pine and birch 
at carbonization temperatures are compared to Eucalyptus dunnii, soft- and hardwood 
values.  
 
According to Pach et al. (2002) the higher heating value of birch at 250 °C is 18,8–20 
MJ/kg, depending on the holding time. In the holding time of 3 hours the higher 
heating value was 20 MJ/kg, which is comparable to the values of this study (19,6–
20,9 MJ/kg) (Appendix 2.1). At 280 °C the HHV was 21,1 MJ/kg which is closest 
value found from the literature to birch treated at 300 °C (25,3–26,7 MJ/kg) (Pach et 
al. 2002, Appendix 2.1).  
 
The higher heating value of pine treated at 250 °C was 18,4–19,4 MJ/kg according to 
Pach et al. (2002) and Ferro et. al. (2004) whereas results in this study were 19,3–20,9 
MJ/kg. The HHV of pine treated at 280 °C was 19–22,7 MJ/kg, when at 300 °C HHV 
was 25,5–26,9 MJ/kg. The difference in higher heating values is considerable at 280 
°C and 300 °C even those temperatures are not totally comparable. The difference in 
results depends strongly on the holding time which is 1–3 hours in Pach et al. (2002) 
and Ferro et. al. (2004) studies. The holding time in this study was undefined, due to 
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test device feature. Because of the undefined holding time samples were longer under 
pyrolysis conditions.  
 
Higher heating values of  hardwood and softwood treated in carbonization 
temperatures 300 °C and 400 °C were 2–2,5 MJ/kg higher than HHV of pine and birch 
(Demirbas 2001a). Higher heating value of Eucalyptus dunnii was measured at 300, 
350 and 450 °C gaining the HHV of  29,2 MJ/kg, 26,7 MJ/kg and 30,7 MJ/kg 
respectively (Table 4). The values are approximate and cannot compare with values 
of birch or pine. The discrepancies in higher heating values of soft- and hardwood 
might be result of non-accurate information about the raw material used. The concept 
soft- and hardwood is extensive due to differences inside in both tree scales. The 
variation in the wood properties already inside the softwoods is wide, but because of 
the lack of knowledge the results of soft- and hardwood are suggestive. The higher 
heating values of E. dunnii than birch are explicable with higher cellulose 76,7 % and 
lignin content 27,9 % in sapwood (Cetinkol et al. 2012).  The initial HHV of E. dunnii 
was 18,4 MJ/kg which was nearly the initial pine’s HHV. The differences also might 
depend on different process conditions.  
 
Higher heating value (26 MJ/kg) increased most dramatically in temperature of 300 
°C both pine and birch reaching higher heating value of bituminous coal. Higher 
heating value of bituminous coal is 24-33 MJ/kg (Coal Basics 2014). In temperatures 
350 °C the average values increased only 0,4–0,6 MJ/kg from the values of 300 °C 
and 1,3–1,4 MJ/kg at 400 °C with pine and birch. Higher heating value of pine sawdust 
was 24,4 MJ/kg and 28,6 MJ/kg in fast pyrolysis in holding time of 15 min at 400 °C 
and 475 °C respectively (Azargohar et al. 2013). Measured HHV was lower than 
average of pine HHV in this study at 400 °C (27,4 MJ/kg) but higher at 475 °C (27,6 
MJ/kg at 450 °C). From the initial 17,3 MJ/kg (birch) and 18,2 MJ/kg (pine) 
higher heating value increased 62,9 % and 52,1 % at 450 °C respectively. Maximum 
higher heating value of birch was 28,4 MJ/kg and pine 29,8 MJ/kg (Appendix 2.1, 
Appendix 2.2). Dispersion is noticeable with pine samples in 450 °C, which might be 
the result of non-automated sample preparation (Figure 13). The difference between 
pine samples at 450 °C was 3,2 MJ/kg. (Appendix 2.2). 
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There are slight differences between the average higher heating values of pine and 
birch. In relation to the untreated samples birch heating value in each temperature 
increased more than pine. The difference of the average higher heating value between 
pine and birch is 0,1–0,3 MJ/kg at 250–400 °C and 0,6 MJ/kg at 450 °C.  The average 
higher heating value of pine is greater in temperatures 300–400 °C and the average 
HHV of birch at 250 °C and 450°C. Systematic difference in those tree species cannot 
be detected in this study. Differences between pine and birch samples might depend 
on the chemical composition of the wood or density.  
 
The density of wood affects to the energy amount in volume unit (kWh/i-m3, kWh/p-
m3). Because the density of birch on average (475–478 kg/m³) is greater than pine 
(410–435 kg/m³), higher heating value of birch is greater per volume unit (Repola 
2006). The density of the samples were not measured. Density of wood influence 
directly to the thermal conductivity of wood. When the density increases also the 
thermal conductivity increases (Steinhagen 1977.) The share of lignin and extractives 
is greater with pine than birch, which would predict higher HHV of pine (Table 1). 
Pine has relatively higher lignin content than birch but also higher extractive share, 
that increase the HHV of wood  (White 1987). 
 
In conclusion, the results of higher heating value of this study were in torrefaction 
temperatures higher than earlier studies have shown. More reliable result would have 
gained if e.g. five samples of each temperature would have been examined. Also the 
density of these two species would have been valuable to measure for comparing these 
two tree species.  Elemental analysis or chemical composition of these two tree species 
would have been valuable to measure for comparing result to other tree species. 
Comparison of tree species to other tree species would have been easier because of the 
lack of knowledge with pine and birch. 
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5.2. Mass yield 
During thermochemical conversion biodegradable element loses mass according to the 
temperature. Wood consists mostly cellulose (40 %), hemicelluloses (25–35 %) and 
lignin (20–30 %) (Stenius 2000). Most dramatic mass loss occurs during the 
endothermic reaction, temperatures below 350 °C, correspond to cellulose and 
hemicelluloses decomposition. Ciuta et al. (2014) found the highest mass loss in 
temperature range of 350–400 °C. Hemicelluloses start to degrade in temperature of 
230 °C, cellulose following at 260 °C and lignin above 300 ºC (Chen and Kuo 2010, 
Industrial charcoal making 1985). Small amount of lignin decomposition occurs 
already at 240 ºC (Shoulaifar et al. 2014). Higher mass yield of pine in lower 
temperatures (250 and 300 °C) is the result of pine’s lower hemicelluloses share. Mass 
yield begin to stabilize after 350 °C. Mass yield declined at 300 °C both pine and birch 
like earlier studies have indicated (Figure 14 and 15.)  
 
Solid mass yield of birch was 78 % in 250 ºC, whereas Pach et al. (2002) estimated 
that solid mass yield was approximately 82–85 % at 250 ºC. According to Shoulaifar 
et al. (2014) mass yield of birch was 81 % at 240 ºC and 76 % at 255 ºC. Remarkable 
was that at 300 °C mass gain was 45 % and in 20 °C lower temperature (280 °C) the 
solid char yield was 65–69 % (Pach et al. 2002, Shoulaifar et al. 2014). Differences 
might depend on holding times. Holding times in Pach et al. (2002) study was 1, 2 and 
3 hours and the holding time in Shoulaifar et al. (2004) was 35–45 min, whereas in 
this study the holding time was uncontrolled. External heating was kept on 9 hours in 
250 °C, before the heating was turned off. Also in other temperatures external heating 
source was kept on a long period of time, decreasing the solid mass yield.  
 
Solid mass yield of pine was 83–88 % at 250 ºC and 67–78 %  at 280 ºC (Pach et al. 
2002). Solid mass yield of torrefied pine in this study was 86 % in 250 ºC and 54 % 
in 300 ºC. Comparing the solid mass yield of pine treated at 300 ºC is mass yield 
remarkable lower than in Patch etc. 2002 results. The remarkable lower mass yield at 
300 ºC than 280 ºC might be result of longer holding time. In earlier studies have 
reported sharp decrease in mass yield (32–40 %) with birch in temperature range 278–
430 ºC and with pine in 220–310 ºC.  (Ciuta et al. 2014, Braadbaart & Poole 2008). 
The reportedly results are comparable with the results of birch and pine except the 
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result at 400 ºC there is a drop in mass yield (26 %). Braadbaart & Poole (2008) 
reported 32 % mass yield of pine at 400 ºC.  
 
In lower temperatures the mass yield is greater with pine than birch (Figure 14 and 
15). The share of hemiselluloses of Scots pine is lower (20 %) than birch (34,2 %), 
that might explain that in temperatures 250 °C and 300 °C mass yield of pine is greater 
than birch (Nikitin 1966).  
 
5.3. Carbon content 
Carbon content followed the pattern of higher heating value reaching 70 % share of 
carbon treated at 300 °C both pine and birch (Figure 16 and 17). Differences between 
these two species are negligible. 
 
In 250 °C carbon content of birch was 54–55 % whereas Pach et al. (2002) estimated 
that carbon content of birch without bark is approximately 52–53 % and pine 51–52 
%, where in this study carbon content of pine was few percentage units higher. In 
carbonization temperatures (300, 350, 400 and 450 °C)  carbon content of beech was 
approximately 55 %, 68 %, 75 % and 78 % and carbon content of oak 70–78 % 
respectively (Antal & Gronli 2003, Braadbaart & Poole 2008). Carbon content of 
beech and oak remains under measured carbon content of birch and pine.   
 
Slight difference in carbon content might depend on the difference in bark content in 
raw material. Bark of the wood contains both birch and pine more carbon than 
stemwood. The carbon content of stemwood of untreated pine is 51,2–51,8 % and bark 
is 53,2–53,5 %, whereas stemwood of birch is 49,7 % and bark of birch is 55,7 % 
(Laiho and Laine 1997, Tolunay 2009). From the above-ground biomass of Scots pine 
70,2 % of the carbon is in stemwood and 7,8 % in bark, the rest of the carbon is in 
needles, dead and living branches (Tolunay 2009). Even the carbon content in bark is 
higher than in stemwood the share of bark in samples is relatively low. The relative 
share of bark in birch logs is 11,5 % and pine logs 12,2 % in South-Finland (Heiskanen 
& Riikonen 1976, Kellomäki & Salmi 1979). Because of the share of bark in samples 
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and carbon content of untreated samples 47–48 %, impact of bark to carbon content is 
minor. 
 
Carbon content of untreated samples were 47–50 % with pine, birch, beech and oak 
(Pach et al. 2002, Ferro et al. 2004). Different process conditions affects to the carbon 
content. Increase in holding time increase carbon content (Wannapeera et al. 2011). 
Higher carbon content of the samples in this study is result of process conditions. 
Elongated holding time increased the carbon content of the samples.  Holding time in 
this study was uncontrolled and compared to previous studies total time under 
torrefaction or carbonization conditions was longer.  Longer time under process 
conditions explain slight higher carbon content.  
 
5.4. Exothermic reaction 
Reported temperature range of exothermic reaction and the difference between inner 
and surface temperature of solid matter varies widely due to different chemical 
composition of wood. According to earlier studies, starting point of exothermic 
reaction occur in temperature of 180–305 °C (Alakangas 2011, Ciuta et al. 2014, Ferro 
et al. 2004, Nikitin 1966, Strezov et al. 2007).  
   
Exothermic behaviour existed in all torrefaction and carbonization cases, but the 
centre temperature peak in higher temperatures (300–450 °C) is more distinct than 250 
°C. Even the cut of inner and outer temperature of birch torrefied at 450 ˚C could not 
detected, the exothermic reaction has occurred before the external heating was on two 
hours. There is an evident peak in inner temperature and exhaust pipe, which indicates 
the exothermic reaction. Endothermic reaction continues longer when temperature is 
lower, and reaction is more rapid with higher temperatures. At 250 °C increase of inner 
temperature is dilatory. Plateau during the endothermic reaction at 100 °C was not 
evident in all cases due to evaporation of free and bound water already in pre-drying 
of samples (Appendix 3.1 & 3.2, Figure 18 & 19).  
 
With hardwoods like oak, beech and alder the increase of temperature in exothermic 
reaction was under 60 °C, but with chestnut and pine it was 83 °C and 136 °C 
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respectively. (Nikitin 1966). In temperatures 365–558 °C the surface temperature of 
maple exceeded the inner temperature by 10–70 °C (Park et al. 2010). Difference 
between center peak and surface temperature with birch was 25 ˚C or 50 ˚ C depending 
on the particle size. Pyrolysis temperature was 290–410 ˚C.  (Ciuta et al. 2014.) In this 
study difference between inner and outer temperatures was higher with birch (67 °C) 
and varied from 6 to 42 °C in other cases. 
 
In lower pyrolysis temperatures exceeding the outer temperature took relatively long 
4–6 hours. Comparing pine and birch in lower temperatures (250 °C and 300 °C) birch 
have slightly more explicit peak than pine. Inner temperature exceeded the outer 
surfaces temperature at 250 °C, but the increase of temperature was not violent, which 
is peculiar to exothermic reaction. (Figure 18, Appendix 3.1 & 3.2).  The heating rate 
was 20 °C/min but due to particle size and process conditions heating of biomass was 
controlled by heat conduction. 
 
The increase of inner temperature was extremely high with birch carbonized at 350 
˚C. Inner temperature was 112 ˚C higher than adjusted temperature. Elemental 
analysis or chemical composition of raw material would have been important to 
measure for explicating the phenomenon. 
 
5.5. Analysis of sampling and profitability of pyrolysis   
Torrefaction demands initiation energy for exothermic reaction. It is questionable, is 
it cost efficient to torrefied or carbonize chips before using it power production. If the 
transportation distances are long, then it might be efficient, for reducing the 
transportation costs. Untreated wood contains water more than torrefied or carbonized 
wood and increases the weight of the chips. Reducing the transportation costs requires 
torrefaction or carbonization near the cutting area. Transportation costs and 
torrefaction or carbonization costs should calculate. Also storage and conversion or 
utilization will benefit from torrefaction, but net benefit of torrefaction must be 
carefully accounted in each stage. Endothermic reaction took approximately 6 hours, 
before exothermic reaction occurred at 250 ˚C. External heating is needed for 
maintaining the endothermic reaction.  
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Three samples constricted the extrapolating the carbon content and heating value. Five 
samples of each temperature and tree species would have given more reliable 
knowledge of carbon content and heating value. But three samples of each temperature 
was sufficient for this study. The results of carbon content, heating value and can 
extrapolate but the exothermic reaction should study more. Inner temperature 
exceeded the outer temperature close to appointed temperature. Timing of exothermic 
behaviour was dependent on initial heating temperature. If elemental analysis should 
have been made, it would have been easier to analyse and compare raw material and 
results to other organic biomass. One batch in each pyrolysis temperature restricted 
the comparison of mass yield and exothermic reaction at 450 ˚ C. The results gave more 
basic information properties of torrefied and carbonized birch and pine.  
 
6. 	
Carbonization and torrefaction improve the higher heating value and carbon content 
of wood.  Carbon content of untreated birch and pine samples were 17 MJ/kg and 18 
MJ/kg. Torrefaction at 250 °C already improved wood fuel properties (HHV 20 
MJ/kg, C approx. 54 %) and the mass yield was relatively high (78 % and 86 %). At 
300 °C considerable increase in carbon content (71-72 %) and heating value (26 
MJ/kg) is detected and the mass yield was 45 % and 54 %. Torrefied wood (at 300 °C) 
reached HHV of coal. In higher than 300 °C temperatures, increase in carbon and 
higher heating value stabilize and mass loss is substantial.  
 
Mass loss is the most dramatic during the endothermic reaction temperatures below 
350 °C mainly due to completion of hemicellulose and cellulose decomposition. Mass 
yield declined to 30 % from the initial mass at 450 °C. Carbon content of birch and 
pine increased from the untreated 47 % carbon content to 82 % (carbonized at 450 ˚ C).  
Uncontrolled holding time resulted loss in solid char yield. 
 
Exothermic peak was detected in all temperatures (250–450 ˚C). In higher 
temperatures peak was evident. The initiation of exothermic reaction in torrefaction 
temperatures took several hours. Maintaining the endothermic reaction consume 
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energy, before exothermic reaction occurs. Exothermic reaction releases energy, but 
will via torrefaction or carbonization gain more energy than consume it. It’s 
questionable is torrefaction and carbonization cost- and energy-efficient. This is the 
reason why gases produced in the reaction should examine and exploit in torrefaction 
or carbonization process. Also the energy used in torrefaction, economically profitable 
transportation distances and hydrophobic would require more examination. Holding 
time affected to the mass yield, due to that holding time would be important to be 
regulated. 
 
Variation between these two tree species in higher heating value, mass yield, carbon 
content and behaviour of exothermic reaction was negligible. Differences are slight 
but not systematic.  
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